Abstract This work focused on the removal of persistent organic pollutants (POPs) from wastewater using irradiation-assisted electrochemical technologies, i.e. sonoelectrolysis, photoelectrolysis and sono-photoelectrolysis. Single-irradiation processes (sonolysis and photolysis) and electrochemical oxidation using conductive diamond anodes (current density of 30 mA cm -2 ) were also evaluated for comparison. Three POPs with different molecular structures (sulfamethoxazole, metoprolol and caffeine, initial concentration of 100 mg dm -3 ) were studied to evaluate the robustness of the selected technologies and the oxidation mechanisms involved in each case. Results show that the single application of the irradiation technologies led to the removal of only a small amount of POPs and no mineralisation, with the nature of the pollutant showing a marked effect; the opposite was observed for the single application of conductive diamond electrochemical oxidation (CDEO), which is a highly robust and efficient technology for the degradation of all types of POPs. Sonoelectrolysis, photoelectrolysis and sono-photoelectrolysis processes (ultrasound conditions: 200 W, ultraviolet conditions: 254 nm, 4 W) may show synergistic, antagonistic or nil effects with respect to a single electrochemical oxidation event, depending on the nature of the treated molecule. The differences observed may be related to the different chemical nature of the organic species studied, indicating an important role of mediated oxidation processes, which may be enhanced with ultrasounds and ultraviolet radiation techniques.
Introduction
The occurrence of persistent organic pollutants (POPs) in the aquatic environment is an issue that affects an increasing number of people in today's society due to the serious environmental and health problems posed by these substances. These pollutants cannot be removed efficiently by conventional wastewater treatment methods [1, 2] . Thus, it is necessary to find a suitable technology for the removal of POPs from waters and wastewaters. In this context, electrochemical oxidation presents desirable features for the treatment of POPs, such as high efficiency, robustness and environmental compatibility [3] [4] [5] [6] [7] [8] [9] [10] [11] . Furthermore, to improve the efficiency of this process, in which typically POPs concentrations are very low, scientific efforts have been focused on the combination of anodic oxidation with other processes such as oxidant production. In this respect, ultraviolet light ultraviolet (UV) or ultrasonic (US) radiation [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] can help expand the applicability of electrochemical technology used to treat concentrated wastewater (typically industrial effluents) to the removal of organics in diluted flows (such as the removal of POPs from urban treated wastewater) [24, 25] .
The literature [12, 13, 20, 22, 23, [26] [27] [28] indicates that the combined use of an US generator and single electrochemical oxidation can help improve mass transfer to anodic surfaces, promote the decomposition of water producing hydroxyl radicals and favour electrohydraulic cavitation.
On the other hand, synergistic effects of the combination of photo irradiation and the electrochemical process, with greater removal efficiency over the expected separate contributions, was observed in recent studies [28, 29] . Electrochemical oxidation of organic with conductivediamond anodes is not limited by electrode processes, an enhancement in the efficiency is only expected if homogeneous catalytic processes are promoted [14, [16] [17] [18] 30] . As is well known, the use of conductive diamond anodes allows for the production of many types of oxidants [31] [32] [33] [34] [35] , including H 2 O 2 , O 3 (Eqs. 1, 2) and oxidants generated by the anodic oxidation of inorganic electrolytes present in media (Eqs. 3, 4) during the electrochemical oxidation of wastewater (peroxosulphates, chlorine, etc.). In this point, recent studies have shown that most of these oxidants should be activated to promote mediated oxidation [36] .
In this respect, it is expected that UV light irradiation can promote the homogeneous photo-activation of electrogenerated oxidants and improve the efficiency of single electrochemical oxidation (Eqs. 5, 6). Thus, in photoelectrolytic processes, the effect of these activated radicals can be extended to the bulk, in spite of their short life time. In addition, it is important to highlight the generation of hydroxyl radicals by action of UV light with H 2 O 2 and O 3 species, according to reactions 7 and 8:
Opposite to single electrolytic process, the effect of these radicals can be extended to the bulk in a photoelectrolytic process, because in spite of their short lifetime, they can be produced in the bulk by decomposition of more stable oxidants. However, direct action of UV radiation is not taking into account due to high refractoriness of persistent pollutants that hinders its degradation.
Thus, the aim of this work was to study the combined use of conductive diamond electrochemical oxidation (CDEO) and UV light and/or US irradiation in the treatment of wastewater polluted with POPs. To shed light on the effect of the type of pollutant treated, three POPs with very different chemical structures were studied: sulfamethoxazole (C 10 H 11 N 3 O 3 S, an anti-bacterial sulphonamide and a very useful antibiotic), metoprolol (C 15 H 25 NO 3 , a b-blocker used alone or in combination with other medications to treat high blood pressure) and caffeine (C 8 H 10 N 4 O 2 , a widely consumed stimulant).
Materials and methods

Chemicals
Sulfamethoxazole (SMX), metoprolol tartrate salt (2:1) and caffeine (analytical grade, [99 % purity) were supplied by Sigma-Aldrich Laborchemikalien GmbH (Steinheim, Germany). Analytical grade anhydrous sodium sulphate, used as a supporting electrolyte, was purchased from Fluka. All solutions were prepared with high-purity water with a resistivity [18 MX cm at 25°C obtained from a Millipore Milli-Q system. Sulphuric acid and sodium hydroxide, used to adjust the solution pH, were of analytical grade and supplied by Panreac Química S.A. (Barcelona, Spain).
Analytical procedures
The total organic carbon (TOC) was monitored using a Multi N/C 3100 Analytik Jena analyser. Measurements of pH and conductivity were carried out with an InoLab WTW pH-meter and a GLP 31 Crison conductimeter, respectively. The concentrations of the compounds were quantified by HPLC (Agilent 1100 series). The detection wavelength used to detect POPs depends on the compound studied (SMX: 245 nm, metoprolol: 223 nm, caffeine: 205 nm). For the HPLC measurements, the column temperature was set to 25°C and the injection volume was set to 50 lL. The analytical column used was a Phenomenex Gemini 5 lm C18 column, and the solvent solution was a mixture of 25 mM of formic acid and acetonitrile (linear gradient chromatographic elution was performed from 10 to 100 % acetonitrile in 40 min). Samples extracted from electrolysed solutions were filtered with 0.20 lm nylon filters before analysis. Moreover, the acid intermediates formed during the experiments were detected at a wavelength of 190 nm using a SUPELCOGELTM H Carbohydrate Column from Sigma-Aldrich, and dilute H 3 PO 4 (0.022 M) was used as the solvent.
Electrochemical cells and US/UV equipment
Electrolyses were carried out in a single-compartment electrochemical flow cell operated in batch mode [37] . Conductive diamond electrodes (p-Si-boron-doped diamond) were used as anodes and stainless steel (AISI 304) as a cathode. Both types of electrodes were circular (100 mm diameter) with a geometric area of 78 cm 2 Irradiated experiments were carried out in the electrolysis set up and using the same fluid-dynamic conditions. To do this, it was equipped with an ultrasound source (UP200S ultrasound horn, Hielscher Ultrasonics GmbH, equipped with a titanium glass horn measuring 40 mm in diameter and 100 mm in length) and an UV lamp (Vilber Lourmat filtered lamp, VL-215.MC, with a power of 4 W). The ultrasound generator irradiates energy into an auxiliary tank, while UV lamp is located just in front of the electrochemical cell and irradiates directly to the anodic surface to promote the activation of the oxidants formed electrochemically (a quartz plate and a lattice cathode of stainless steel are used). Figure 1 shows the experimental system used (the onset of the figure shows in detail the UV reactor).
Experimental procedures
Bench-scale electrolyses of 1000 cm 3 of wastewater were carried out under galvanostatic conditions. The current density employed was 30 mA cm -2 . The cell voltage did not vary during electrolysis, indicating that the conductive diamond layers did not undergo appreciable deterioration or passivation phenomena. Prior to use in galvanostatic electrolysis assays, the electrode was polarised for 10 min in a 0.035 M Na 2 SO 4 solution at 15 mA cm -2 to remove any impurities from its surface. In US-irradiated technologies, the ultrasound horn irradiated a continuous ultrasonic radiation at a frequency 24 kHz and a maximum ultrasonic power of 200 W. In UV-irradiated technologies, the wavelength used was 254 nm (UV-C). In single photolysis and sonolysis essays, the power supply was disconnected.
The wastewater was stored in a glass tank and circulated through the electrolytic cell using a centrifugal pump (flow rate 21.4 dm 3 h -1 ). The mass transfer coefficient (K m ) of the electrochemical cell within the fluid dynamic conditions used (21.4 dm 3 h -1 , 298 K) is 8 9 10 -6 m s -1 , calculated from a standard Fe(CN) 6 3? /Fe(CN) 6 2? current limit test [38] . A heat exchanger coupled to a controlled thermostatic bath (Digiterm 100, JP Selecta, Barcelona, Spain) was used to maintain the temperature at the desired set point (25°C). The three types of synthetic wastewater tested consisted of a solution of 100 mg dm -3 of sulfamethoxazole (SMX), metoprolol, or caffeine (as model of POPs) and Na 2 SO 4 , used as supporting electrolyte (0.035 M). In the CDEO experiment, the applied current density was 30 mA cm -2 . The ultrasound generator and ultraviolet lamp were used in continuous mode in the sonolysis (power irradiated 200 W) and photolysis tests (power irradiated 4 W), respectively.
Results and discussion
The results show that CDEO allows for the efficient removal of the selected pollutants. The time required for electrolysis to completely remove the POPs (and thus, the requirements of electrical charge passed) varied with the type of pollutant studied, where SMX was the pollutant most efficiently degraded. In all cases, complete mineralisation occurred after 600 min of electrolysis (corresponding to 31 Ah dm -3 of electrical charge passed), except for the treatment of caffeine solution in which 800 min were required to attain the complete mineralisation. These good results are opposed to the very low extent of degradation achieved by photolysis and sonolysis, which also demonstrated a strong dependence on the type of molecule studied [29] . In the experiments carried out with caffeine, sonolysis and photolysis showed negligible degradation of the compound, whereas the extent of degradation of SMX by sonolysis was almost nil and greater than 25 % by photolysis. In contrast, the extent of degradation of metoprolol ranged between 20 and 25 % for each irradiation technology. With respect to the TOC profiles, no mineralisation due to sonolysis or photolysis was observed. This finding indicates that the raw pollutants were not complete degraded but partially oxidised. This leads to the formation of reaction intermediates due to the break-up of the molecules or even to the simple attack to any functional group by direct action of these irradiation techniques or by means of the oxidant agents generated. The degradation of these reaction intermediates to carbon dioxide as the final product is not favoured by any of the irradiation technologies.
The molecular structures of the three POPs studied in this work differ significantly (Table 1 ). In fact, metoprolol possesses alcohol or ether groups that may be quickly and easily attacked by the irradiation technologies employed. Likewise, SMX possesses sulphate and amino groups susceptible to oxidation by radicals generated during photolysis. This susceptibility may explain the higher rates of removal achieved for metoprolol and SMX by the irradiation technologies compared to the results obtained during the irradiation of wastewater polluted with caffeine, which has a much more complex molecular structure.
To better understand the performance of the three single-oxidation technologies, Fig. 3 shows the changes in the intermediates (shown as chromatographic area due to the presence of unknown intermediates) observed during the degradation of SMX (part a), metoprolol (part b) and caffeine (part c) by photolysis, sonolysis and CDEO. The intermediates have been identified according to previous works of degradation of POPs by CDEO [26, 39, 45] .
As expected, in the CDEO experiments, the compounds formed during electrolysis showed typical intermediate behaviour (formation and further depletion during electrolysis). By contrast, the compounds formed during photolysis and sonolysis were accumulated in the reaction media and they remained in solution after 600 min of treatment. These results may explain the nil mineralisation observed in the latter cases due to the refractory behaviour of the species which behave final products. Moreover, it should be noted that the types of main intermediates formed during irradiation-assisted electrochemical technologies were different, indicating that the oxidation mechanisms involved in photolysis and sonolysis may differ.
Having demonstrated the high efficiency of CDEO compared with the efficiencies of the single-irradiation technologies, US and/or UV irradiation was coupled to the electrochemical oxidation system to study the removal of persistent pollutants by photoelectrolysis (conductive diamond photo electrochemical oxidation, CDPEO), sonoelectrolysis (conductive diamond sono electrochemical oxidation, CDSEO) and sono-photoelectrolysis (conductive diamond sono photo electrochemical oxidation, CDSPEO). Figure 4 shows the changes in the raw pollutant concentration (part a) and TOC (part b) during the treatment of wastewater polluted with SMX using these irradiation-assisted electrochemical technologies. For comparison, the results of single CDEO are also shown in the same figure.
In comparing the results, it can be observed that initially (Q \ 2 Ah dm -3 ), the concentration profiles overlapped, and, consequently, the removal efficiencies of SMX and TOC were similar for the different technologies studied. However, at higher applied electric charges, the POP concentration and TOC profiles became dependent on the technology used. As shown in the inset of Fig. 4a , CDSEO is able to remove SMX with an electric charge of 10 Ah dm -3 , lower than that (22 Ah dm -3 ) required to completely deplete SMX via single CDEO. In contrast, UV irradiation (CDPEO and CDSPEO processes) had a negative effect, exhibiting lower efficiencies of SMX and TOC removal compared to those achieved by single CDEO, which can be due to an excessive formation of oxidant agents that instead of attacking organic species, are combined to form more stable and less aggressive oxidants, as will be explained later. On the other hand, as it can be observed in Fig. 4b , TOC removals are slower than those of SMX, and this indicates that the degradation of SMX is not direct to carbon dioxide. In fact, several organic intermediates are detected in the reaction system during the electro-irradiated experiments. Figure 5 shows the maximum concentration of the reaction intermediates formed during the treatment of wastewater polluted with SMX (concentration of each intermediate was normalised with respect to the maximum concentration attained by CDEO). A total of nine intermediates were identified during electrochemical degradation [30] . It can be clearly observed that irradiation with UV light led to a much lower concentration of intermediates; indeed, some intermediates were not even detected (suggesting that they were depleted rapidly after their formation) or they are formed in trace concentration (below detection limit of analytic technique used). This finding may suggest that the oxidation of SMX is slower under irradiation, but mineralisation is promoted.
As is known, during the electrochemical oxidation of wastewater in sulphate media, the generation of peroxodisulphate occurs [31, 37] , which can promote the overall oxidation process (mediated oxidation). Likewise, it is reported that irradiated systems can favour the activation of peroxodisulphate to sulphate radical (Eq. 9). This radical species typically reacts 10 3 -10 5 times faster than persulphate anion [40] , which can contribute to enhancing the pollutant-oxidation rate. According to Thomberg et al. [41] , radical sulphate may be also formed slightly on the cathode by reduction of the peroxodisulphate.
In addition, the anodic production of hydroxyl radicals in CDEO [42] can be enhanced via reactions 10 and 11, caused by the conversion to other oxidant species (H 2 O 2 and O 3 ) under UV or US irradiation. In this case, in contrast to the results observed for a single electrolytic process, the effect of these radicals can be extended to the bulk phase, significantly improving the removal efficiency.
Taking into account the possibility of oxidant activation in the bulk, in single CDEO, SMX and intermediates are expected to be completely depleted near the electrode surface, whereas in CDPEO, bulk oxidation is expected [15, 16, 19, 29, 43] . The higher concentration of intermediates measured in CDSEO suggests that this technology mainly favours improvements in the mass transfer of pollutants (hence, organics are expected to be oxidised near the electrode surface, as in single CDEO).
For further comparison, a kinetics analysis was carried out. As is known, the oxidation of organics by US or UV irradiation can be well fitted to a pseudo-first order kinetic model, where the kinetic constant depends on the energy irradiated. For electrochemical oxidation processes, the first-order model also performs well, and in this case, the kinetic constant is related to the mass transfer coefficient and to the kinetic constants of the various mediated oxidation processes that may coexist [26, 39, 44, 45] . In In comparing results, significant differences between the kinetic constants calculated for the raw pollutant and TOC can be observed. It should be noted that the first parameter represents only for the first stage of oxidation; the second is the more important parameter because it provides information on the overall process. In terms of pollutant degradation, the calculated values indicate a very strong effect of pollutant type on the degradation process. Synergistic effects are clearly observed for the oxidation of caffeine using CDSEO, CDPEO and CDSPEO (Fig. 6c) and for the oxidation of SMX and metoprolol by CDSEO (Fig. 6a, b) . By contrast, for the two latter pollutants, it can be observed that coupling UV irradiation to electrolysis leads to worse results than those expected by the addition of the constants of the two single technologies. As previously suggested, these results only indicate the susceptibility of the raw pollutant to rapid oxidation; they are not a reliable process indicator.
A more reliable indicator is expected to be the mineralisation (TOC removal) kinetic constant because it is related to the complete treatment process. In comparing the kinetic constants calculated in terms of mineralisation attained ( Fig. 7) , it can be observed that coupling UV light and/or US irradiation to the electrochemical oxidation of SMX does not provide a significant improvement in the mineralisation rate; in fact, certain antagonistic effects can be discerned. Moreover, in the metoprolol degradation experiments, a significant improvement was observed only when sono-irradiated techniques were used, whereas CDSPEO was the optimal technology for efficient mineralisation in the treatment of wastewater contaminated with caffeine. Hence, coupling US and/or UV to CDEO irradiation does not always lead to an improvement in the process performance, in spite of favouring the activation of oxidants in the bulk phase. Unfortunately, this coupling may also lead to losses of oxidation efficiency. To explain this unexpected antagonistic behaviour, it must be considered that in the application of coupled irradiation-assisted electrochemical technologies, an excessive formation of radicals may occur. In such cases, instead of attacking organic species, the radicals may combine to form more stable and less aggressive oxidants or even decompose oxygen that may be forming [28, 29] according to Eqs. 12-16:
These reactions may compete with the oxidation of pollutants, which explains the strong effect of pollutant type on the results. A great advantage of US irradiation is that in addition to the promotion oxidant decomposition, it generates turbulent conditions in the medium by the implosion of generated microbubbles. This turbulence improves the transfer of organic species to the anodic surface, where they can be oxidised directly or through a mediated by oxidising agents near this surface [12, 13, 22, 23] . Differences due to the nature of the initial pollutant are difficult to explain in terms of mass transfer limitations and may indicate that mediated oxidation processes also play a very important role in the overall degradation of any POPs. Furthermore, this uncertainty suggests that the synergism or antagonism of coupling US and UV irradiation to CDEO cannot currently be predicted; thus, further studies should be carried out to clarify the relationship between pollutant type and these effects. 
Conclusions
Based on the results of this study, the following conclusions can be drawn:
-CDEO can significantly reduce the presence of persistent compounds such as SMX, metoprolol and caffeine, removing not only the compound itself but also the intermediates formed. -Single-sonolysis and single-photolysis technologies only entail a slight removal of the aforementioned pollutants and nil mineralisation, forming reaction intermediates whose removal is prevented. -The combined use of irradiation techniques (US or UV light) and electrochemical oxidation improves the degradation rate of POPs, but the efficiency thereof depends on the nature of the initial pollutant, indicating the important role played by mediated oxidation in the overall oxidation process.
